ABSTRACT
SUMMARY
The Waste Calcining Facility (WCF) at the Idaho Chemical Processing Plant employs a fluidized bed calcination process for converting highly radioactive aqueous waste into granular solids. Heat was supplied to the calciner by circulating sodium-potassium (NaK) eutectic alloy at 760°c through a bayonet heat exchanger in the fluidized bed of solids. Construction material for ;he NaK loop in the WCF was Type 316 stainless steel; the bayonet heat exchanger is Type 316 stainless steel modified with columbium and tantalum; the semi-eliptical heads on the NaK expansion tanks are Type 318 stainless steel. On March 19, 1969, the loop was shut down in preparation for the installation of an in-fluidizedbed combustion heating system. When shutdown occurred, this loop had been in service for 1,1*07 hours below 600°C and 31,182 hours above 600°C with 52 starts from room temperature.
As part of the overall program of surveillance on the NaK loop, service tests were made on several fittings and on a portion of the loop piping after 16,300 hours of loop operations. The results of these observations were reported* on during the March, j.967 NACE Conference and subsequently published in Material Protection, Vol. 7, No. 5, pp.
35-39 (May 1968).
This paper presents data on the performance of construction materials, for the NaK loop in the WCF over its entire lifetime as well as the last 16,300 hours of service. The Types 304L, 316, and 318 stainless steel alloys performed in a satisfactory manneri After 32,600 hours of service at or near 760°C, the tensile strength <j>f Types 316 and 318 stainless steels remained high, but deterioration of elongation and impact strength values occurred. After 16,300 hours service, Type 3PbL stainless steel in 76O°C NaK remained more ductile with higher elongation and impact values than Type 3l6 stainless steel. Carbide precipitation and sigraa phase formation were identified in each of these austenitic stainless steels. Although difficult to quantitatively estimate, there appeared to be more carbide precipitation in Type 30tai stainless steel than in Type 316 stainless steel after 16,300 hours higa. temperature NaK service. The Type 316 and Type 318 stainless steels appeared to have significantly more sigma phase formation than the Type was limited to a two-mil thick band of decarbur: zed alloy on the inside surface of the pipe and a 0.2-mil thick film of surface. Although brittle fractures frequently less steel at stress gradients, fractures were absent when working stresses were lowered. After repeated failures, the replacement of one Type 316 stainless steel fitting with a Type 30kL stainl further -fractures. The Idaho Chemical Processing Plant recovers enriched uranium from spent aluminum-uranium reactor fuels^' by a sol,vent extraction process. In the Waste Calcining Facility (WCF) at this plant, Figure 1 , highly radioactive waste solutions resulting from this;reprocessing are sprayed/ into a/heated bed of fluidized solids where the salts are converted to / oxides^ '. These free-flowing granular solids are produced continuously and are continuously conveyed to permanent storage bins from the calcination reaction vessel through a pneumatic solids transport system. Simultaneously, water vapor and volatile decomposition products are carried over with the fluid!zing air to the WCF off-gas cleaning system before being released to the atmosphere. Formerly heat was supplied to 4 Me ealciner by circulating sodium-potassium (NaK) eutectic alloy! through a bayonet heat exchanger in the fluidised solids. Type 316 stainless steel was used as the construction material for this NaK loop. At the time of shutdown for installation of an in-bed heating, system, the sNaK loop of the *CF had been in service 32/600 hours. This represents the longest period of operation on record of a Type 316 stainless;steel loop with NaK at elevated temperatures. However, some failuresioccurred during the first 16,300 hours of operation which necessitated extensive analyses of the nature and origin of the failures. In the course of those investigations, it was clear that the failure was not general; that is, tl:e 'unstressed, straight runs of pipe did not suffer failure. Rather, failures have occurred in fittings, which, upon close analysis, were shown: to have been subjected to considerable external, stress. Accordingly, a sophisticated thermal stress analyses was conducted on the high temperature NaK loop in the WCF to avoid excessive external stresses.! These results suggested certain piping alterations which were made. Ths Type 316 stainless steel NaK loop in the WCF served without failure during subsequent 16,300 hours of operation.
As part of an overall evaluation of construction materials suitable for handling liquid metals at high temperatures, service tests were conducted on several fittings and on a portion of the Type 316 stainless steel piping after abandonment of the NaK loop in the WCF. Metallurgical, chemical, X-ray and mechanical tests were used during this evaluation of the effects of exposure to NaK at 76o°C with an interpretation thereof.
It should be noted that while pure sodium systems undoubtedly will net behave exactly like the NaK system studied here, and while &11 auaten.cic stainless steels will not respond exactly like the Type 316 stainless steel., the same basic mechanisms leading to failure are more or less in action in all such systems. Valuable guidance toward the behavior of other liquid metal systems may be found in the experience reported. ,
II. NaK LOOP IN THE WASTE CALCINING FACILITY
Liquid NaK (77*2 percent potassium -22.8 percent sodium) was pumped through three-inch diameter, Type 316 stainless steel, Schedule kO pipe in a loop which included an oil-fired radiant heater and a fluidized bed heat exchanger for the U8-inch diameter calciner ( 2 / (Figure 2 ). The loop piping was fabricated from Heat X 22326 at Ellwood Works, National Tube Division, United States Steel Corporation. The NaK temperature in the \ heater reached a maximum of 76O°C, and decreased to about 600°C at the outlet of the fludized bed heat exchanger. The equipment in the loop also included an electromagnetic pump, expansion tank; and an oxide removal, system. The expansion tank were Type 316 stainless steel vertical cylindrical vessels with seml-eliptical Type 318 stainless steel heads that ' permit the NaK to expand when heated; this increase in volume amounts to about 25 percent of the NaK volume at ambient temperature. Thermal insulation used on this loop was designed to be compatible with NaK at 760°C; service temperature, end consisted of a 2-inch layer of molded Aerogel i (Johns-Mansville Corporation) in contact with the piping and an outer 2-' inch layer of 85 percent magnesia.
III. WORK PREVIOUSLY REPORTED
Before discussing the observations made after the last' 16,300-hour service period, it is convenient to restate certain published observations from the first period of service. Tensile strength remained high on Type 316 stainless steel that was exposed in NaK at 760°C during the first period of loop operation; however, elongation and subsized Izod impact values were significantly reduced. Other service-associated effects that were observed in the Type 316 stainless steel were the formation of sigma phase throughout essentially the entire cross-section of the loop piping. 
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Precipitation of carbides at the grain boundaries was observed, but the associated general corrosion damage was limited to a two-mil thick band of decarburized alloy on the inside surface of the pipe in the high temperature zone and a 0.2-mil thick film of oxide on the outside surface.
Details of report, H
se observations are contained in Idaho Nuclear Corporation IV. EXPERIMENTAL PROCEDURE Service test examinations were conducted on several fittings and on portions of piping that were exposed for varying time periods in circulating non-isothermal NaK.
A. Materials
Type 316" Stainless Steel
Service test examinations were conducted on three pieces of 3-inch schedule 40 Type 316 stainless steel piping -all of which were installed upstream from the NaK heater in the ICPP Waste Calcining Facility (WCF). One piece of pipe was in service during the first 16,300 hours of service at 1,120 hours below 600°C and 15,180 hours above 600°C with 37 starts from room temperature. This pipe was replaced by another which was in service during the last 16,300 hours of the NaK loop operation. During this latter time period, the replacement pipe was in service for 300 hours below 600°C and 16,000 hours above 6bO°C with 15 starts from room temperature. The third piece of pipe that was examined was installed before , the initial start-up and remained in NaK service until the \ loop was abandoned. This pipe was in service for 1,1*10 hours below 6000c and 31,190 hours above 6dO°C with 52 starts from! room temperature.
Type 30^I» Stainless Steel
An examination was conducted on a 3" x 3" x 3" Schedule 80 Type SOhL stainless steel tee fitting which replaced a 3" x 3" x 1^" schedule 40 Type 316 stainless steel tee. This fitting permitted the liquid metkl to circulate through the loop and also through a 3" x T §' reducer into the NaK expansion tank. The tee fitting was in service during the last 15,567 hours of the NaK loop operation of which 261 hours were below 6C0°C and 15,307 hours were above 600°C with 13 starts from room temperature. \
Type 318 Stainless Steel
The 0.5-inch thick walled lower less steel head on the NaK expansion tank was examined after 32,600 hours of NaK loop operation of which 1,410 hours were below 600°C and 31,190 hours wer* above 6O0°C with 52 starts from room beuperature. 
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The results of mechanical tests at 22°C, 5( | 0°C, and j6O°C in air are recorded in Table I . At 22°C, the observed tensile and yield strengths of specimens from the 32,600-hour expose*, sections compare faverably with values obtained from specimens of une::posed tubes of the same heat of Type 316 stainless steel and with pubxiihed values of the unexposed alloy. Further, the observed tensile and yield strengths of the specimens from the sections which were exposed for the two different \ time periods compare favorably with the published values of unexposed j Type 316 stainless steel at 500°C. The observed elongation percentages \ of the pipe exposed for 32,600 hours and 16,300 hours were 60 and 63 percent, respectively, lower than the percentage obtained from specimens of unexposed tubes from the heat of Type 316 stainless steel that was tensile testsd at 22°C. When tested at 50<p°C in air, the elongation percentages of pipe sections that were exposed to NaK during the two time periods were 75 percent lower than th£ average published percentage for thAunexposed alloy. Izod impact test| results sh"»w that specimens of theTplpe which were in high temperature! IlaK service absorbed 66 percent less kinetic energy in breaking than similarly tested specimens from unGxposed piping. :
Flattening test, ASM A 376 Seamless Austenitic Steel Pipe for High Temperature Central Station Service, showed that exposed pipe remained ductile. However, a pipe section that was exposed in NaK service at 760°C for 16,300 hours broke when flattening continued until the opposite walls of the pipe met. Figure 6 appeared to be disbursed at concentrations equal to or iless than four percent after 16,300 hours service. A band of decarburization, as in the piping during the first 16,300 hours of service, was found on the NiaK side of the pipe wall, Figure J . Type 316'piping that was exposed for the entire 32,600 hours service in the NaK '• loop of the WCF shows, Figure 8 , about three times more sigma phase than that observed in piping that was exposed for 16,300 hours. i ! The results suggest that sigma phase transformation in Type 316 stainless steel when in NaK service at 760°c increases with increasing service time; although, the observed hardness values appeared to be quite constant through the 32,600 hours total exposure time,. The impact strength of the alloy appears to decline to a minimum level within something less than 16,000 hours ser%ice and remains at that level for an indefinite time period. Although the general corrosion loss |of Type 316* piping was nil* almost complete carbon depletion occurred at the NaK piping interface. (1) ASM Handbook, Vol. 1, 8th Ed., pp 504 (2) There are no published values since this is not a standard test (3) Kilo pounds per square inch fk) Using specimens from the same heat of steel from which the WCF piping was fabricated The service test evaluation of Type 3C4L stainless steiel that was exposed in flowing NaK shewed carbon depletion at the NaK-roetal interface. There were significant amounts of carbide Iprecipitation at the grain boundaries and only trace quantities of sigma phase formation in the cross-section of the tee, as evidenced by metallographic examination, Figure 9 and 10. These observations are suggestive of only minor changes in micro-structure of the alloy due to exposure at 760°C over 15,600 hours of service.
The post-service examination indicated that the general corrosion damage on the tee was nil. The concentration of sigma phase was estimated at less than one percent while carbide phases were present in concentrations of about two percent. The band of decarburization found on the NaK side of the wall of the tee is shown in Figure H * it appears to be about 1 mil thick..
The results of mechanical tests at 76O°C in air are recorded in Table IX . The observed tensile and yield strengths as well as elongation percentage of specimens from the pipe tee compare favorably with published values of the exposed alloy. Izod impact test results show that specimens of the tee which were in high temperature NaK service were ductile and not brittle.
Sections of the Type 30^L stainless steel tee from the NaK loop in ', the WCF had averaged diamond pyramid hardness (DPH} values of 195 which corresponds to Rockwell B-scale of 90.
\ \
C. Type 318 Stainless Steel
The observed effect that was most significant from the evaluation of the Type 318 stainless steel was almost complete absence of carbon depletion at the NaK-metal interface. ' Sigma phase formation which was identified in cross-sections of the columbium-monlybdenum austenitic stainless steel alloy and accompanying embrittlement are indicative of fundamental change in the micro structure of the alloy due to exposure at elevated' temperatures. General corrosion 'damage was undetectable on the steel after 32,600 hours of service.
The results of mechanical tests at 22°C and 500°C in air are recorded : I in Table II . At both test temperatures, the observed tensile and ] yield strengths of Type 318 stainless steel specimens were generally I about 30 percent higher than published values for the unexposed I alloy* When tested at 22°C and 500°C, the observed elongation(per-I centage of the exposed setions were about 87 and 88 percent lower, I respectively, than the average published percentages for unexposed alloy. The Izod impact test with a subsized specimen gave a relatively low result, 1.2 foot-pounds, for a stainless steel. 
